INTRODUCTION

RESULTS
Megaphage identified in the gut microbiomes of Bangladeshi adults
DNA was extracted from either three or four faecal samples collected one day apart from 10 adults living in Eruani village, Laksam Upazila, Bangladesh, and sequenced ( Table S1 ; see Methods ). Taxonomic classifications and relative abundance information reveal the communities are mostly dominated by Prevotella species ( Figure 1 ). Figure 1 : Community composition of gut microbiomes of ten subjects from Laksam Upazila, based on phylogenetic analysis of ribosomal protein S3 sequences. The increments in the stacked bar chart are colored by genus. Red boxes indicate samples from which megaphage sequences were partially assembled; blue boxes indicate samples from which a complete megaphage genome was recovered. Lines within each genus denote the relative abundance of genotypic variants.
Within assembled metagenomes from subjects 20 and 22 we identified large genome fragments that encode numerous hypothetical proteins, the majority of which have no similarity to any sequences in reference databases. These fragments encode phage genes, and thus were selected for manual assembly curation ( Methods ). Two bioinformatically verified, circularized phage genomes, A1 and A2, were >541 kbp in length, close to the maximum size ever reported for a phage (14) . There was no evidence for integration of these sequences into bacterial genomes ( Supplementary Results ). Given their extraordinary size and to distinguish them from jumbo phage (>200 kbp genomes, (13) ), we refer to these as "megaphage". The A1 and A2 genomes are largely syntenic and share 91.3% average nucleotide identity (ANI). They encode~35 putative tRNA genes ( Table 1 ) , many of which are concentrated in specific genomic regions. The megaphage were also detected in the other samples from Subjects 22 and 20. The A1 phage sequences from the three other Subject 22 samples were independently curated to completion to enable day-to-day and within-sample sequence variation analysis ( Table 1 ). In all 10 regions where the four aligned A1 genomes differ, the distinct sequence occurred as a minor variant in all samples. Different site frequencies indicate that the variants are not shared by one or a few subdominant genotypes. Further, distinct patterns of change in relative abundances of population variants over time confirm that the polymorphic sites are not linked ( Figure  S1 ). Shifting relative abundances of subpopulations suggest ongoing replication over the four days. Table 1 : List of complete megaphage genomes. For additional information, see Table S1 . + Variants within incomplete genomes have tRNA introns not found in the C1 genome. Baboons are from two social groups, V = Viola's and M = Mica's (see (16) ).
associated with the currently diversifying CRISPR locus end. Spacers that target the megaphage occur throughout the loci ( Figures 2 and S2 ). Only six (of 38) samples lacked Prevotella with CRISPR spacers that target the A1 and A2 phage, two from Subject 22 and all four samples from Subject 20. The lack of CRISPR spacer-based immunity may explain why the phage proliferated in those microbiomes. In fact, Prevotella species with spacers that target the megaphage occurred in samples from all subjects from which the phage was not reconstructed, consistent with the expectation that perfect spacer targets preclude infection at any appreciable level. Based on the prevalence of megaphage-targeting spacers, we conclude that these megaphage are common in the microbiomes of this human cohort.
Given that Prevotella species are the megaphage hosts, and many of the subjects have gut microbiomes dominated by Prevotella, we tested for megaphage in all the Laksam Upazila microbiome samples, and found evidence for them in samples from Subjects 21 and 23 ( Supplementary Information ). We attempted to isolate the megaphage using faecal material and Prevotella copri DSM 18205 (19) but isolation was unsuccessful ( Supplementary Information ). 
Megaphage occur in other gut microbiomes
Bacteria of the genus Prevotella are abundant in gut microbiomes of humans in the developing world. Thus, we wondered if related megaphage occur in other gut microbiomes that contain Prevotella . A search of NCBI's non-redundant protein database for proteins related to those of the megaphage yielded no significant hits, so we selected individual metagenomic datasets from Prevotella-enriched samples for deeper analysis. In a prior study, faecal samples were collected from a cohort of Bangladeshi cholera patients and their families (42 male adults, 3 female adults, 2 male and 2 female children) who were hospitalized in Dhaka, Bangladesh in 2016, but the reads were not assembled (4) . We conducted genome-resolved metagenomic analyses of these datasets. Many of the gut microbiomes were dominated by Prevotella, and, consistent with our prediction, they also contained phage related to the A1 and A2 megaphage. One 540,217 kbp genome, C1, was manually curated to completion. A dataset from a second Bangladeshi cohort comprising six cholera-impacted adults was sampled from the same hospital in 2011. Of those, three had significant (>5%) Prevotella populations and sample S75 had relatively abundant phage related to C1. Two other adults with low Prevotella (<0.1%), samples S71 and S72, had >100 reads map to the C1 genome ( Figure S3 ).
Gut microbiome (faecal) samples from individuals from the Hadza tribe of Tanzania were sequenced in prior research (15) . We mapped reads from 27 Hadza subjects to the megaphage genomes and found that three subjects ( Figure S3 ) had these phage in sufficiently high abundance for genome assembly. The assemblies were highly fragmented but sequences shared~90% identity to phage A1 ( Table S1 ). A previously sequenced cohort of children living in India (20) also contained evidence of the megaphage, as two samples from this cohort had 500 bp reads that, in combination, covered more than 50 kbp of the A1 genome.
Previously published metagenomic shotgun sequencing datasets from faecal samples from 48 members of two social groups of Kenyan yellow baboons ( Papio cynocephalus ; one metagenome per individual) were assembled and investigated to identify putative megaphage sequences (16) . Megaphage were detected in 43 of the 48 baboon gut microbiomes, and all samples contained multiple Prevotella strains or species ( Figure S4 ). Sixteen high quality genome bins were identified from 16 distinct samples, nine of which were curated to completion (B1-B9). All genomes were >543 kbp in length, and one (B8) is the largest phage genome reported in this study (551,627 bp). All encode either 31 or 32 putative tRNAs ( Table 1 ). The sets of tRNAs in the baboon megaphage genomes are more similar to each other than to the sets in the other megaphage genomes ( Table S2A ), although allowing for rearrangements ( Table S2B ), there are strong similarities in the tRNA complement across megaphage from all datasets.
To extend the search for the megaphage in other human and animal microbiomes we analyzed sequence data from Prevotella -containing samples from Danish pigs. Samples from pigs on the same farm were pooled and sequenced together (n=105 farms) ( Table S1 ). Unfortunately, the genomes are highly fragmented, but based on sequence alignments, we identified a total of 18.7 Mbp of contiguous putative megaphage sequence with an alignment length 15.9 Mbp to the A1 genome. In one case, we identified a tentative partial genome bin that comprises 462 Kbp of sequence. At least 2 kbp of aligned megaphage sequence was detected in 104 of the 105 metagenomes. Over a 30 kbp alignment length, pig-derived sequences share an average of~91.8% ANI with the A1 genome ( Figure S5 ). Thus, we conclude that megaphage related to those present in humans and baboons also colonize pigs. We also found that reads from four of 27 cow rumen metagenomes (21) mapped with low coverage across the entire A1 phage genome ( Table S1 ). However, analyses of 34 Prevotella -rich metagenomes from faecal samples from Tunapuco, a traditional agricultural community in the Andean highlands, did not detect megaphage (17) .
To investigate whether samples that contain the megaphage share similar Prevotella species, we constructed a phylogenetic tree based on 16S rRNA gene sequences ( Figure S6 ). Typically, the microbiomes contain a diversity of Prevotella strains, but overall, there was no clear link between cohort and Prevotella species or the presence of the megaphage.
Megaphage use an alternative genetic code
A notable feature of the megaphage genomes was their low coding density (<70% for A1 and A2) when genes were predicted using the normal bacterial code (code 11). Investigation of the pattern of distribution of open reading frames and of protein sequences (some of which were clearly interrupted) indicated that the megaphage might be using an alternative genetic code. We tested a variety of ways in which a stop codon might have been repurposed to encode for an amino acid and determined that genetic code 15 is probably used by all of the megaphage reported here (TAG to glutamine, Q; Figure  S7 ). Even after re-prediction with code 15, there are unusually large regions (up to~1.5 kbp in length) that are not predicted to encode proteins or tRNAs.
To investigate megaphage activity in situ and to test for expression of the large intergenic regions we obtained metatranscriptomes from all samples from subjects 20 and 22. Thousands of transcript reads mapped to the A1 and A2 genomes (e.g., see Figures S8 ), indicating that at least a subset of the phage were replicating at the time of sample collection. The transcript mapping patterns support the use of an alternative genetic code and indicate that many intergenic regions are expressed. In fact, some intergenic regions are among the most highly expressed portions of the genomes ( Figures S8A-C ) .
When the distribution of the repurposed TAG codon is plotted over the aligned A1 and A2 genomes it is apparent that this codon is not used in large regions (red bars in Figure 3A ). However, it is used in some sections of the genome, including most that encode structural proteins ( Figures 3A and S8 ). In samples from all days, we detected expression in regions encoding genes that do and do not use the TAG codon. Thus, if genes encoding structural proteins are expressed late, the phage in each sample are in a variety of stages of replication ( Figure S8D ).
Genomes in which a stop codon has been repurposed typically encode a suppressor tRNA (Sup tRNA). Multiple types of Sup tRNAs were predicted ( Supplementary Information and Table S2 ). The anticodon of one of these is CTA, which is necessary to repurpose the TAG stop codon. All complete megaphage genomes also encode Release Factor-2, which terminates translation by recognizing the TGA and TAA but not TAG stop codons. Thus, the megaphage have the cellular machinery necessary to successfully translate genes with in-frame re-coded TAG.
Comparative genomics of the megaphage
One gene that is important during capsid assembly is the terminase (which was interrupted 18 times when proteins were predicted using genetic code 11). Based on phylogenetic analyses using terminase sequences ( Figure S9 ), the megaphage are divergent and place generally within the Myoviridiae. Given that they are clearly a new clade and highly distinct in terms of their consistently very large genomes and use of alternative coding, we define them as the "Lak phage". This name derives from the name of the region (i.e., Laksam Upazila, Bangladesh) from where the megaphage were first detected.
The A1, A2 and C1 genomes are syntenous, as are all baboon Lak (B-Lak) genomes, but six large rearrangements distinguish the B-Lak from the A-Lak and C1-Lak genomes ( Figure S10 ). As expected based on their synteny, A1 and A2 are more similar to C1 than the B-Lak genomes ( Table S3 ). Alignment of one~70 kbp region from each genome with the A1 genome ( Figure 3B ) shows that insertions/deletions of sequence blocks within the central regions of genes (also see Figure S11 ), complete gene insertion/deletions, intergenic insertions/deletions and varying levels of nucleotide substitutions (sometimes varying greatly within a gene, Figure S11 ) distinguish the genomes.
Alignment of the nine B-Lak genomes revealed that the B-Lak genomes share ANI values of between 88.5% and 99.9% with each other ( Table S3 ) and over the region in Figure 3 ,~61% to 65% ANI with A1. For comparison, A1 and A2 share~95% ANI and A1 and C1 share~88% ANI over this region ( Table S3 ).
To compare the B-Lak genomes to each other, B1 was set as the reference sequence and B7 designated as the variant end member ( Figure S12 ). A~20 kbp region of this alignment is shown in Figure 4A . Bars underlining sequence blocks with the same color indicate regions with perfect sequence identity. Notably, identical sequence blocks varying in size from~100 bp to tens of kbp occur in multiple phage genotypes and all genomes share some sequence blocks with the B7 genome. In some cases hundreds of shared single nucleotide polymorphisms (SNPs) distinguish sequences from the sequences of other genotypes. The strong signal of sequence block admixture clearly indicates reassortment. Few SNPs distinguish otherwise identical blocks. Some sequence blocks are unique to one of the B-Lak genomes, but overall the results indicate that the studied B-Lak phage have extensively exchanged genetic material. Presumably, recombination events require co-infection, i.e., the coexistence of these huge genomes inside a Prevotella cell at the same time. 
Lak phage populations are near-clonal, but some contain sequences of other phage
To probe within-population heterogeneity and rule out the possibility that the patterns of scrambling of sequence motifs are artifacts due to the choice of a composite reference sequence, we analyzed sequence variation in reads mapped to each B-Lak genome ( Table S4 ). In all cases, between 94% and 96.4% of the reads map to the genome with zero SNPs, providing confidence that the reported genomes are not chimeras of population variants. However, 0.01% to 0.8% of reads in each dataset match the sequences of other B-Lak genomes ( Table S4 ). The majority of the reads with one or more SNP that cannot be linked to a known B-Lak phage sequence map throughout the genomes and probably reflect random sequence variation. However, a subset of the reads (especially from B4, B7 and B9) tile out variant sequences (probably recombinant genotypes, given the high degree of localization of these read mappings), likely derived from B-Lak genomes not reconstructed to date. In a few instances adjacent SNP groups within individual Illumina reads from the B9 dataset are linked and in other reads they are not ( Figure S13 ), again indicative of reassortment of alleles via homologous recombination. As a result, there is no true meaning to a consensus genome sequence in this region.
From one region of the B9 population genomic dataset with an elevated frequency of reads carrying sequence variants ( Figure 4A box) we extracted polymorphic reads and their paired reads (and a few read pairs without SNPs to illustrate support for the consensus sequence) and mapped them back to the B9 genome ( Figure S14 ). Some paired read variants could be assigned to the B7 genome, extending backward from the small region where B9 and B7 are identical. Many variant reads could be assigned to B1, perhaps not surprising given the overall high similarity between the B1 and B9 genomes. Others could be assigned to B2 and/or B5. A subset of read pairs had SNP combinations that were distinct from those of known genomes, supporting the inference of recombination with as yet unreconstructed B-Lak genotypes.
The evidence of extensive homologous recombination motivated the question of whether phage relatedness (itself partially due to recombination) and phage admixture (sub-dominant genotypes within each population) could be predicted by baboon relatedness or social behavior ( Table S5 ). Based on genetic (pedigree-based) estimates of kinship, grooming interactions (which have previously been linked to similarity in gut microbiomes in baboons, see (16) ), and host spatial proximity, there is no strong indication that factors that could impact phage distribution across the baboon cohort have strongly influenced the current phage genomes or within-population variation ( Figure S15 ).
Lak phage encode tRNAs with highly conserved introns
An interesting feature of the Lak phage genomes is the presence of tRNAs with introns. To our knowledge, introns in phage tRNAs have not been reported previously. Several occur in A1, A2 and C1 tRNAs and one occurs in tRNA Tyr (GTA) in the baboon Lak phage genomes ( Table 1 and Table S6 ). The set of tRNA introns in the A1, A2 and C1 genomes only partially overlap. Intriguingly, however, where the same intron occurs in the same tRNA, its sequence is typically identical across cohorts ( Supplementary Information ).
We predicted the tRNA intron excision points using an implementation of tRNA scan designed for eukaryotes (as bacterial tRNA genes typically do not encode introns and so the program does not recognize them). Interestingly, the introns in putative tRNA Thr (TGT) are predicted to encode a possible tRNA ( Table S6 ), the sequence of which is preserved perfectly in all but one case across cohorts. C1 and some other phage fragments from the cholera cohort lack this tRNA intron and alignment of sequences with and without this intron reveals that the excision occurs in a slightly different position than predicted ( Figure 5 ).
The largest putatively circularized phage genome reported to date from any environment is 595,573 bp in length, with an unknown host (14) . That genome is predicted to encode 75 tRNAs, 44 of which have unknown or mismatch isotypes. We predict that this genome has at least 4 tRNAs with introns. Thus, tRNAs with introns may be fairly common in large phage genomes. . Alignment of sequences that contain a possible tRNA Thr (TGT). A subset of the tRNAs are predicted to contain an intron that itself is predicted to encode a possible tRNA (dashed box with superimposed secondary structure notations). Note that, with the exception of the Hadza sequence, all of the introns are identical and all but the baboon tRNAs are essentially identical.
Lak phage metabolism and impacts on host population dynamics
The huge size of the Lak phage genomes motivated investigation of the encoded genes and their potential importance for Prevotella metabolism ( Table S7 ). As expected, the vast majority of protein coding genes are hypothetical (84%). Repeat sequence analysis identified a few genes with similar amino acid sequences that were probably duplicated. The largest inventory of genes with tentatively recognizable functions are involved in nucleotide, DNA and RNA transformations, functions previously noted as prominent in large phage genomes (13) . In general, the nucleic acid-related functions predicted for these genes are similar to those predicted for genes of Candidate Phyla Radiation bacteria, which are symbionts that seem to repurpose scavenged DNA for nucleic acid synthesis. The phage may augment host translational machinery using sigma factors, translation initiation factors (e.g., IF1), chain release factors as well as some genes that modify tRNAs (e.g., for adding a guanine nucleotide to the 5′ end of tRNA His , peptidyl-tRNA release, and CCA addition for tRNA maturation).
Intriguingly, the genomes encode one or two proteins predicted to hydrolyze a compound related to nucleoside 3',5'-cyclic phosphate to nucleoside 5'-phosphate. Such enzymes might affect the cellular levels of the host's cyclic second messengers. Potentially related, the genomes also encode a T4-encoded RNA ligase, which phage may use to repair tRNAs that are broken when a host defense mechanism produces 2′,3′-cyclic phosphate ends (22) Among the enigmatic predicted proteins of potential significance from the perspective of host metabolism is an enzyme annotated as heme oxygenase [EC:1.14.99.3], which catalyzes the degradation of heme, an iron complex outer membrane receptor protein and a glycosyltransferase implicated in lipopolysaccharide biosynthesis . Despite the genome size however, we could recognize relatively few genes that might supplement host metabolism, except as it might pertain to phage replication.
Given that the exact host for a Lak phage cannot be established by CRISPR targeting if the Prevotella are susceptible to infection, it is difficult to confidently infer impacts of phage predation on microbial community structure. Thus, we compared the abundances of all (rather than specific) Prevotella species and Lak phage abundances over the four-sample Laksam Upazila time series. For both sample series, the phage are most abundant in the first sample and decline in abundance in the second sample with corresponding increases in abundances of the more abundant Prevotella genotypes ( Figure S16 ). Prevotella species likely differ to some extent in their metabolic capacities and/or growth rates and/or nutrient preferences, and changes in relative abundances of species as well as their cumulative abundance could alter overall gut microbiome function. Based on the limited observations for two adults, shifts in Prevotella abundances due to phage predation may occur on the day to day time scale.
DISCUSSION
Lak phage are common yet overlooked members of gut microbiomes
Somewhat analogous to the recent finding of crAssphage that infect Bacteroides , bacteria commonly associated with humans in the developed world, here we report Lak phage that infect Prevotella , bacteria that are often abundant in the gut microbiomes of communities in the developing world where consumption of a high fiber, low fat, non-western diet is common (12) . Interestingly, the Lak phage are also prominent in the microbiomes of a variety of animals. Notably, the 15 complete curated Lak phage genomes are >5X larger than the crAssphage genome (10) and only~4.6X smaller than the genomes of their Prevotella hosts ( Supplementary Results ).
It is interesting to wonder why megaphage that infect Prevotella have been overlooked, and why megaphage of any kind have been so rarely described. The explanation may be two fold. First, as suggested previously, very large phage are difficult to isolate due to the physical restrictions on their mobility on plates used for plaque assays (23) . Compounding this problem, Prevotella and Bacteriodetes in general are understudied as hosts (24) . Interestingly, however, a huge Prevotella phage from the cow rumen was imaged almost two decades ago (25) . The phage was reported to have an icosahedral head of~120 nm in diameter and a long curved tail that was 30 nm wide and up to 800 nm long. To our knowledge, the largest isolated phage infects Bacillus megaterium and has a 497 kbp genome, a head diameter of 160 nm and tail length of 453 nm (13) . It is not possible to establish a direct relationship between the head and tail length and genome size, but the imaged phage may be related to the Lak megaphage described here.
Assembly of metagenomic sequencing reads remains relatively uncommon and even when reads are assembled, most genomes are highly fragmented. In the current study, we used an assembly algorithm that includes a scaffolding step, and this brought to light a 540 kbp long genome sequence that could be circularized. Circularization provides confidence in the classification of the sequence as phage vs. prophage (which should transition into flanking genome). Phage structural proteins needed to confirm classification of the sequences were obscured by distant homology to known sequences and gene fragmentation in the initial annotation due to the use of the wrong genetic code. Recognition of alternative coding was complicated by the unavailability of code 15 in the NCBI genetic code listing and ORF finder application. This code has only once been inferred to be used by phage (26) . The lack of obvious structural proteins could have precluded prior recognition of Lak phage sequences.
Based on a meta-analysis of public data, Paez-Espino et al. (2016) produced a dataset that included fragments classified as very large phage genomes. We note, however, that 11 of the sequences >200 kbp are artifactual composites of identical repeated sequences ( Figure S17 ). This underscores the importance of curation and repeat analysis when reporting phage sequences. Despite this issue, we suspect that many more phage with very large genomes will be uncovered in future metagenomic analyses.
Environmental distribution and dispersal of Lak phage
Have the Lak phage coevolved with their hosts (i.e., vertically) or has there been facile dispersal across animal habitat types? Some evolutionarily divergent hosts, humans vs. baboons, have less closely related Lak phage, and phage from geographically distinct human populations differ more than phage within a single human population. Although this might be evidence for co-evolution of phage and animal hosts, the presence of Lak phage genome fragments in pig microbiomes with high similarity to those in the human gut microbiomes serves as counter evidence ( Figure S5 ). Further, we did not detect patterns of Prevotella speciation consistent with animal host specificity ( Figure S6 ), so we suspect that Lak phage as well as their bacterial hosts may be actively dispersing across animal habitats.
A second and related question is the importance of the competing processes of genome divergence vs. the cohesive process of homologous recombination in Lak phage evolution. This could not be probed in cases where only one or two genomes were reconstructed from each environment. The baboon data are informative regarding this question, and clearly indicate extensive allele reassortment involving all of the analyzed baboon phage populations. This would have required extensive sharing of phage among the baboons. We infer that recombination events are recent, based on the low frequencies of SNPs that distinguish otherwise identical sequence blocks in different B-Lak genomes, and we suspect it is ongoing, given the presence of minor recombinant variants within some populations. Overall, the ability to detect admixture of genotypes suggests that distinct phage were brought into contact relatively recently, possibly following migration from another animal reservoir (potentially other baboon groups), and then began to recombine. A similar phenomenon was previously reported in bacterial genotypes (27) . Consistent with recent introduction of the Lak phage is their prevalence in the baboon population and associated low level of CRISPR-based immunity.
If Prevotella and their huge phage migrate among animal and human microbiomes, they could carry with them genes that are relevant to human and animal health and the spread of disease. The concept of zoonotic viruses is well established, but there may be analogous phenomena involving phage. Phage can disseminate virulence factors between bacterial strains, including toxin-encoding genes responsible for many important diseases such as diphtheria, cholera, dysentery, botulism, food poisoning, scalded skin syndrome, necrotizing pneumonia or scarlet fever (9, 28) and propagate other genes of medical interest among animal reservoirs, such as those involved in antimicrobial resistance. The finding of related Lak phage in baboon, pig, cow and human populations suggests this possibility and the probability that it may occur is clearly increased where phage have huge genomes.
Possible drivers of megaphage evolution
Are jumbo and megaphage the consequence of random local genome expansion events, or might there be stabilizing forces that converge on a specific genome length? Unlike most prior studies, we generated complete genomes for phage from multiple distinct cohorts. Thus, we could document a consistency of genome size of around 540 -550 kbp. We suspect a physical explanation for this narrow size range, possibly related to an advantage of particles in the colloid size range. For example, the gut habitat may favor particles of a certain dimension as size affects particle flocculation, attachment and retention in specific pore spaces. Clearly not all gut-associated phage are large so this could be, at best, a partial explanation (although we predict that there are many more large phage in animal guts than are currently recognized).
The existence of huge phage motivates the general question of the costs and benefits to the phage of large genomes and the feedbacks that drive the evolution of these genomes. Interestingly, the Lak phage genomes are in the size range of those of many putative bacterial and archaeal symbionts (e.g., candidate phyla radiation bacteria and DPANN archaea; (29) ). Phage with large genomes probably transfer genes to their hosts at a faster rate than phage with small genomes, which might improve the fitness of the host population, and thus its phage. However, this effect is probably small and may occur against the background of sequential acquisition of genes (and gene segments, see Figure S11 ) that confer advantage to the phage. Lak genomes encode many tRNAs, which could affect their lifestyle in many ways (see above). We note, however, that the span of genome used to encode tRNAs is small, motivating consideration of the possibility that the many hypothetical proteins predicted in the hundreds of kbp of Lak phage genome sequences somehow ensure successful phage replication in the face of host defense mechanisms. These genes could also be important for increasing the host range.
Evolution of large phage genomes, and thus few expensive particles per replication cycle, could be an ecological strategy analogous to K vs. R selection. Phage would normally be viewed as R strategists, leveraging the advantage of many offspring to ensure high probability that a particle will find a host in which it can replicate before loss of viability. For large phage, the countering trade off of a shift towards K selection could be improved survival as the result of the large capsid size, potentially due to increased stability of larger capsids, for example due to their smaller radius of curvature (30) . Clearly, many factors could come into play, and direct experiments involving isolated phage and their hosts will be required to understand the intriguing phenomenon of megaphage in human and other animal gut microbiomes.
CONCLUSION
A new type of megaphage are overlooked members of human and animal gut microbiomes. Their existence substantially increases the representation of phage whose genetic repertoires blur the boundaries that separate bacteria, bacterial symbionts and parasites / mobile elements. Their genomes hint at fascinating biology and as yet unexplored complexity in the dynamics of gut microbiomes.
METHODS
Samples, DNA and RNA extractions, sequencing, read archive analysis
Faecal samples were obtained from 10 Bangladeshi men (aged between 27-52) living in the Eruani village, Laksam Upazila, Bangladesh (samples were taken in April, 2016). All subjects displayed signs of arsenicosis and were consuming arsenic-contaminated drinking water. Samples were collected on four consecutive days (labelled days 2-5) and stored at -20°C until they were shipped to the Santini laboratory, UK, on dry ice. Samples were stored at -80°C until nucleic acid extractions were performed. DNA was isolated using the PowerFaecal DNA isolation kit (MoBio) according to the manufacturer's instructions and stored at -20°C. DNA samples were sent to RTLGENOMICS (Texas, USA) on dry ice and prepared for sequencing using the Kapa HyperPlus Kit (Kapa Biosystems) following the manufacturer's protocol, except that the DNA was fragmented physically using the Diagenode Bioruptor, instead of enzymatically. The resulting individual libraries were run on a Fragment Analyzer (Advanced Analytical) to assess the size distributions of the libraries, quantified using a Qubit 2.0 fluorometer (Life Technologies), and also quantified using the Kapa Library Quantification Kit (Kapa Biosystems). Individual libraries were then pooled equimolar into their respective lanes and loaded onto an Illumina HiSeq 2500 (Illumina, Inc.) 2 x 125 flow cell and sequenced. RNA was extracted from all four samples from subjects 20 and 22 with the Powermicrobiome RNA isolation kit (MoBio) according to the manufacturer's instructuctions and stored at -80°C until they were shipped to the QB3 center at UC Berkeley on dry ice for sequencing.
Read datasets from previously published studies were selected based on the sampled environment and information about Prevotella content and downloaded from NCBI's single read archive (SRA). Reads were mapped to the Lak phage genomes initially assembled from the Laksam Upazila cohort to determine whether or not Lak phage was present in the sample. Selected read sets were trimmed using sickle (https://github.com/najoshi/sickle) and each dataset assembled separately using IDBA-UD (31) with default parameters.
Binning of draft genomes, genome curation and annotation
Bins were constructed from scaffolds of >1 kbp in length based on the combination of genome GC content, coverage and a phylogenetic profile. The phylogenetic profile was established based on gene-by-gene comparison to a reference genome dataset (31) . We identified all sequences that encoded ribosomal protein S3, a gene that occurs in a relatively conserved block of genes that encode ribosomal proteins, and used these sequences to profile the overall community composition (taxonomy and abundance). Putative phage scaffolds were identified based on the high fraction of proteins with no related sequence in the database or similarity to phage proteins, as well as the presence of genes encoding structural proteins. Very large genome fragments were selected for curation. In cases where these were substantially shorter than the final genome length, candidate fragment collections identified based on consistency of GC content, coverage and phylogenetic profile were subject to curation. Coverage values were determined by read mapping using Bowtie2 (32) with default parameters for paired-reads.
The first genome curation step involved identification of local assembly errors and either correction of the errors or gap insertion using ra2.py (33) . Curation of each genome was conducted independently and involved correction of local scaffolding errors and gaps, contig extension to enable joins and circularization, with manual resolution of regions of confusion. Reads from the sample were mapped to the scaffold assembled from that sample and unplaced paired reads used to extend ends and fill gaps. The curation was conducted in Geneious (34) . Regions of confusion were identified based on much longer than expected placement of paired reads or backwards mapping of paired reads. Reads were manually relocated and reoriented. The final curated sequences were visualized throughout to confirm complete and accurate coverage of each genome. Final genomes were checked to confirm the absence of large repeated sequences that could have confounded the assembly. The start position was chosen in a random region so as to not interrupt a gene. Later reconstructed genomes were adjusted so that the start positions corresponded to those of earlier assembled genomes.
Genes were predicted on scaffolds >1 kbp using Prodigal (35) , initially using genetic code 11. Subsequently, the Lak phage genes were re-predicted using code 15. Initial functional predictions were established based on similarity searches conducted using BLAST against UniProtKB and UniRef100 (36) , and the Kyoto Encyclopedia of Genes and Genomes (KEGG) (37) and uploaded to ggKbase ( https://ggkbase.berkeley.edu/project_groups/megaphage ). In addition, genes were annotated by scanning via hmmsearch (38) with a collection of KEGG Hidden Markov Models (HMMs) representative of KEGG orthologous groups. The majority of phage structural genes were not identified in our initial functional predictions. Thus, we searched for proteins with unknown functions against the NCBI non-redundant protein database using BLAST-psi to identify remote homologs. These sequences were then aligned and searched against the Pfam_A_v31.0 and TIGRFAMs_v15.0 databases using HHPred to assign functions (39) . The amino acid sequences of terminases were so divergent from terminases of previously analyzed phage that they could not be identified using standard functional prediction methods. We found the terminase gene by searching all predicted phage proteins against a protein database of terminase large subunits, taken from phage spanning several different families and including all identified terminase large subunit (TerL) proteins from phage with genomes of >200 kbp in length.
The tRNA genes were predicted using tRNA scan with bacterial settings (40) . The tRNAs that were larger than expected and could not be assigned a classification were evaluated in terms of potential introns. Genes were re-predicted using the eukaryote settings to identify the tRNA type, anticodon and intron sequence. Intron excision points were re-evaluated based on alignments of genes with and without inserted sequences. Intron sequences were tested for possible classification using rfam (41) .
Codon usage was calculated in consecutive 1 kb windows, and was reported as the percent of a specific codon out of all codons in the coding region of that window. Calculations were done using a custom script, cu.py ( https://github.com/banfieldlab/cu_scripts ).
CRISPR targeting analyses
CRISPR arrays were predicted on all scaffolds >1kb in the Laksam Upazila cohort and the baboon cohort using a command line version of the program CRISPR Detect (42) with parameter -array_quality_score_cutoff=3. Only arrays with a score above the cutoff of 3 were considered. Spacers and repeat regions were extracted from the output files, and all spacers and repeats were searched against the Lak phage genomes A1 and A2 using BLASTN with parameter -task=short. No repeat regions had a hit to A1 or A2, so all spacers with a hit containing ≤ 1 mismatches and a length >24bp were considered to target Lak phage. The taxonomy of the scaffolds containing the CRISPR arrays with spacers targeting a Lak genome were determined by assigning taxonomy to all genes on the scaffold based on a similarity search using BLAST against the UniProtKB database. Scaffold taxonomy was assigned according to the highest taxonomic level shared by at least 50% of the genes on the scaffold. CRISPR arrays containing the repeat GGTTTAATCGTACCTTTATGGAATTGAAAT were chosen for reconstruction based on their high number of spacers targeting Lak. Arrays were manually aligned and spacers colored using Geneious (34) .
Phylogenetic and community compositional analyses
Community composition ( Figure 1 and Figure S4 ) was determined by read mapping to the conserved ribosomal protein S3 gene ( rps3 ). The rps3 genes were identified on all scaffolds >1kb in the Laksam Upazila Bangladeshi cohort and the Baboon cohort, and classified to the species level based on usearch clustering (43) with annotated proteins in the uniprot database. All rps3 genes were then clustered at 90% identity using usearch, and a representative sequence from each cluster was chosen. Reads from each sample (all 10 people, 3 or 4 samples from consecutive days per person for the Bangladesh cohort and all 48 baboons) were mapped to these representative sequences, and the percent coverage of each rps3 gene was determined. Percent coverage was then normalized by the sequencing depth of each sample to determine percent project. Any genus that was present in <10% cumulative abundance across all samples was grouped into the "other" category.
The Prevotella phylogenetic tree was constructed using 16S rRNA gene sequences. First, the Greengenes database (44) of complete 16S rRNA gene sequences was augmented with all 16S rRNA gene sequences from Prevotella reference sequences on NCBI that were independently classified as Prevotella (15 were assigned to a genus other than Prevotella and discarded). This augmented database was then used to classify 16S rRNA gene sequences from all samples in each study where the megaphage was found, including samples in publically available studies, using the assign_taxonomy.py script from qiime1 and default parameters (45) . Sequences classified as Prevotella were aligned with all known reference Prevotella 16S rRNA gene sequences and an Escherichia coli 16S rRNA gene outgroup (NCBI ref. J01859.1) using MUSCLE (46) . A tree was generated using RAxML-HPC2 on XSEDE (47) on the CIPRES web server (48) using parameters raxmlHPC-HYBRID -T 4 -n result -s infile.txt -m GTRGAMMA -p 12345 -k -f a -N 100 -x 12345 --asc-corr lewis. The tree was edited and annotated using iTOL (49) .
The terminase large subunit gene ( terL ) was detected in all 15 Lak phage genomes using a BLASTP search against a database representing TerL proteins from a wide variety of phage and all known jumbo phage genomes in the NCBI database. The Lak TerL proteins were aligned along with the reference TerL proteins from jumbo phage using MUSCLE (46) , and the tree was generated using RAxML-HPC2 on XSEDE (47) on the CIPRES web server (48) using parameters raxmlHPC-HYBRID -T 4 -n result -s infile.txt -p 12345 -m PROTGAMMADAYHOFF -f a -N 100 -x 12345 --asc-corr lewis. The tree was rooted with the terminase small subunit of Agrobacterium phage 7-7-1 (NC_019519.1). The tree was edited and annotated using iTol (49) 
Comparative genomics
Genome sequences were aligned using the progressiveMauve algorithm using default parameters (50) . In certain regions the sequences were offset as the algorithm failed to align them. In some cases this could be corrected based on visual inspection. In other cases the sequences were superimposed to constrain the overall alignment length (very low similarity scores were then displayed).
Pig genome fragment analysis
To search 105 metagenomes that were constructed from collections of faecal samples from Danish pig farms we aligned all the assembled pig metagenomic scaffolds of >1 kbp in length against the Lak phage A1 reference genome using NUCmer (Mummer 4.0.0beta). Filtering was done, so that alignments of at least 2 kbp and 70% nucleotide identity were kept. The lengths of scaffolds meeting these criteria were summed to estimate the total genome sequence attributable to Lak phage, and the total alignment length calculated. A metagenome was considered to contain Lak phage as long as at least one scaffold with an alignment length >2 kbp was identified.
Data availability : The 15 Lak phage genomes have been deposited at NCBI under accession # (TBA). The genomes can also be downloaded from https://ggkbase.berkeley.edu/project_groups/megaphage . Read archive and other accession information is provided in Table S1 .
Statement of ethics
The human faecal samples obtained were part of a clinical Phase I/II study in rural Bangladesh entitled "Selenium and arsenic pharmacodynamics" (SEASP) run by Graham George (University of Saskatchewan) and funded by the Canadian Federal Government, through a program entitled Grand Challenges Canada, Stars in Global Health, with additional funds from the Global Institute for Water Security at the University of Saskatchewan. The SEASP trial was approved by the University of Saskatchewan Research Ethics Board (14-284) and the Bangladesh Medical Research Council (940,BMRC/NREC/2010-2013/291). Additional ethics approval was also obtained by UCL (7591/001).
SUPPLEMENTARY RESULTS
No evidence for megaphage as prophage
No reads or read pairs connected the megaphage scaffolds to bacterial scaffolds, and no phage fragments were found in bacterial scaffolds in the newly generated dataset. We checked all NCBI Prevotella genomes for fragments of the phage using MUMmer (51) . The only finding was a~60 bp region identical in several Prevotella genomes and A1. This small region occurred at the end of a transposon Prevotella and in an intergenic region in the phage genome. Thus, to date there is no evidence that the megaphage integrate into Prevotella genomes. For the 44 Prevotella genomes reconstructed from the baboon datasets, the median size was 2.38 Mbp (based on the cumulative length of scaffolds assigned to Prevotella genome bins), with a median of 50/51 expected single copy genes and 0. 
Detection of phage in other subjects of the Laksam Upazila cohort
In Subject 21, co-assembly of reads mapping to phage A1 from all four samples resulted in 195,292 bp of contiguous sequences, the largest of which were around 900 bp in length and comprised of perfectly mapping reads. There was also read mapping across the entire A1 genome from samples from Subject 23, but the coverage was too low for assembly. All other samples had fewer than 250 reads mapping non-specifically to the A1 genome.
Phage isolation attempts
We attempted to isolate the phage using faecal samples from subjects 20 and 22 following a similar method described previously (10) . Prevotella copri (DSM 18206 T was used as the host and grown in liquid and on solid media as described previously (19) . In brief, faecal samples (about 1 g) were suspended in 1 ml buffer, vortexed, centrifuged to remove particulate material and filtered through a 0.45 µm filter. Confirmation that the Lak phage was present in the extract was done by PCR using Lak-specific primers. Mid-exponential phase P. copri cultures were used to inoculate plates (19) which were then seeded with the phage extract, incubated and then visualised for cell lysis. As was the case in the prior crAssphage study, isolation was not achieved, which may be due to a number of reasons including that P. copri is not a Lak phage host.
Sup tRNA analysis
Questionable tRNA are recognized when the isotype predicted based on the overall tRNA sequence alignment does not match that predicted by the anticodon. In the case of Sup tRNA a mutation has occurred in the anticodon so that it now matches a stop codon. The tRNA scan program predicted glutamine as the third most likely amino acid linked to the Sup CTA tRNA, but this prediction is unreliable because the phage sequences are far distant from those used to build the models (Todd Lowe, pers. comm). The relevance of the other Sup tRNAs is uncertain.
Detection of Lak phage in other Baboon metagenomes
Partial genomes were identified in the following Baboon metagenomic datasets: 
B-Lak population variation analysis
As documented in Table S4 , the B1, B2, B3 and B5 populations are relatively clonal, and~96.4% of reads that mapped to the genome using standard parameters can be mapped with zero SNPs. For these phage, 0.01% -0.02% of the reads map perfectly to another B-Lak genome. The B6 and B8 populations are only slightly less clonal and show similar fractions of reads with perfect matches to other B-Lak genomes (0.01 and 0.4% of all reads). Even for the other populations, B4, B7 and B9, between 94% and 94.7% of reads match perfectly to the reconstructed sequence, again providing confidence that the reported genomes are not chimeras of population variants.
Populations datasets for B4, B6 and B9 provide the best evidence for the presence of sub-dominant sequence types characteristic of another B-Lak population (probably as recombinant genotypes, given the high degree of localization of the read mappings). More than~0.1% of reads from some population datasets map to other genomes (B4 reads to the B2, B8 and B9 genomes; B6 reads to the B3 and B9 genomes and 9 reads to five other genomes). The B9 genome is notable in that it was reconstructed from five genome fragments that comprised~99% of the final bin length. Fragmentation was at least partially due to a few local regions of within-population sequence variation.
tRNA intron similarity across cohorts
Introns were identified within some pseudo tRNAs that are substantially larger than expected. An identical tRNA Phe (GAA) intron is found in A1, A2, the cholera cohort and some pigs; identical introns occur in a tRNA Gly (TCC) in the A2, C1 and some fragments from pigs and identical tRNA Thr (TGT) introns occur in A1, A2, C1 and some genome fragments from the cholera and pig cohorts. Finally, we identified identical introns in Tyr (GTA) from A1, A2 and C1 and related but longer introns in the B-Lak phage genomes ( see Table S6 ).
Phage metabolic potential
The largest fraction of genes with confident functional predictions are involved in reactions involving nucleotides (See Table S7 ). Some genes encode enzymes that interconvert various deoxyribonucleoside and ribonucleosides, phosphorylate/dephosphorylate nucleotides and participate in other steps in DNA and RNA metabolism (e.g., ribose-5P to PRPP). In addition, there are helicases, topoisomerases, polymerase subunits, primases, exonucleases, genes involved in restriction, base excision and repair and recombination (potentially of relevance given the extensive evidence for homologous recombination).
The genomes encode several genes involved in one carbon metabolism and genes involved in interconversion of nicotinate and nicotinamide, possibly with an impact on host energy metabolism. Also predicted is pnuC, a nicotinamide mononucleotide transporter. Other genes involved in transport include a co-located three subunit NitT/TauT (sulfonate/nitrate/taurine) system. The genomes also typically encode multiple molecular chaperones.
Infection cycle
Early in infection, the presence of release factor 1 (RF1, which would recognize UAG as the termination codon ) would prevent production of structural proteins (as they would be fragmented). Given the very large phage genome size, its translation would deplete the cellular pool of RF factors. With Sup tRNA, and once RF2 becomes abundant, the phage genome can be correctly transcribed. If code 15 becomes important only relatively late in the phage replication process (26) , transcriptomic data could have been informative regarding the stage of Lak phage replication if the phage replication cycle was synchronized Figure S8 ). We did not detect a clear signal for shifting replication phase, suggesting ongoing and uncoordinated replication events. Consistent with a more complex pattern of phage replication were small shifts in phage population structure over the four day period ( Figure S1 ).
Phage-encoded tRNAs may correspond to codons that are abundant in certain phage genes and thus increase their translation efficiency (52) . They may also decrease the probability of mismatches between host and phage codon preference and thus increase host range (13) . The tRNAs and pseudo-tRNAs may have other purposes, however. For example, they may confuse the translational apparatus through loading of the wrong amino acid or stall translation due to inability to load amino acids. 
